INTRODUCTION
The first steps in the transport of secretory and transmembrane proteins towards the cell surface are their targeting to and translocation across the endoplasmic reticulum (ER) membrane. Both of these events are co-translational and are promoted by the presence of an N-terminal signal peptide (reviewed in [1, 2] ). The signal peptide of secretory and type I membrane proteins is co-translationally cleaved during translocation by a specific signal peptidase located on the luminal side of the ER [3, 4] . In type II membrane proteins the uncleaved signal peptide [signal peptide\ membrane anchor (SA) domain] is also responsible for anchoring the proteins in the membrane.
Typically, signal peptides consist of three domains or regions : a positively charged N-terminal n-region, a central h-region characterized by a stretch of 7-15 hydrophobic residues critical for efficient translocation of the protein, and a C-terminal cregion containing the signal peptidase cleavage site (reviewed in [5, 6] ). Residues in the c-region located at positions k3 and k1 with respect to the cleaved peptide bond are particularly important for specifying the cleavage site. Statistical analyses have
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according to secondary structure predictions, is compatible with the α-helix structure of the NEP SA domain. The YPGY sequence and single Pro residue are less polar and have α-helix-breaking potential. The predicted effects of these mutations on the structure of the NEP SA domain were confirmed by CD analysis of 42-residue peptides encompassing the hydrophobic segment and flanking regions. Wild-type and mutated proteins were expressed in COS-1 cells and their fate (membrane-bound or secreted) was determined by immunoblotting and by endoglycosidase digestions. Our biochemical and structural data indicate that : (1) the cytosolic domain of NEP restricts the conformation of the SA domain because mutants not secreted in their full-length form are secreted in their truncated form ; (2) α-helix-breaking residues are not a prerequisite for cleavage ; (3) the presence, in close proximity to a putative signal peptidase cleavage site, of a polar sequence that maintains the α-helical structure of the SA domain is sufficient to promote cleavage. Furthermore pulsechase studies suggest that cleavage is performed in the ER by signal peptidase and indicate that cleavage is not a limiting step in the biosynthesis of the soluble form of the protein.
shown that small apolar side chain residues are preferred at these positions [7] [8] [9] . SA domains of type II membrane proteins differ substantially from cleaved signal peptides. First, their n-region, which forms the cytoplasmic domain of the protein, is usually longer. Secondly, the hydrophobic segment is at least 20 apolar residues in length to allow it to span the lipid bilayer as an α-helix. Finally, they are not recognized by signal peptidase. Studies in itro have shown that some SA domains of type II membrane proteins do in fact contain cryptic signal peptidase cleavage sites. Indeed, the SA domain of both the invariant chain (Iγ) of class II histocompatibility antigens and asialoglycoprotein receptor H1 were processed after deletion of the positively charged cytoplasmic domains [10, 11] , suggesting that the presence of the cytosolic segment somehow restricts access to the cleavage site. In contrast, other type II membrane proteins are not secreted on deletion of the cytosolic domain. For example, deletion of the 27-residue cytosolic domain of neutral endopeptidase-24.11 (EC 3.4.24.11 ; NEP) did not promote the secretion of the protein when expressed in COS-1 cells [12] despite the presence of a putative signal peptidase cleavage site identified with the algorithm of von Heijne [8] . One explanation for this discrepancy might be the nature of the residues in the SA domains which, in some proteins, may favour access to the cleavage site. This possibility is supported by the observation that the NEP SA domain was processed by signal peptidase when the hydrophilic sequence SQNS was substituted 14 residues from the beginning of the SA domain and the cytoplasmic domain was deleted [12, 13] . The mechanism by which this sequence promotes cleavage of the SA domain is, however, unknown. Predictions of secondary structure [14] have suggested that it can induce formation of a β-turn structure. Because potential α-helixbreaking residues were shown to enhance cleavage by signal peptidase [15] [16] [17] we speculated that this structural feature could play an important role in SA domain cleavage [12, 13] .
To test this hypothesis we have created new mutants of fulllength and truncated (without a cytosolic domain) protein by substitution of the sequences QQTT or YPGY starting at position 15 of the SA domain of NEP. According to Chou and Fasman [14] , the polar QQTT sequence is compatible with the α-helix structure of the SA domain, whereas the less polar YPGY sequence shows a high propensity for the formation of a β-turn structure, as does the SQNS sequence. In addition, a Pro residue, which is known to break α-helix stuctures, was substituted at position 16 of the SA domain. Results obtained from the expression of NEP and NEP mutants in COS-1 cells, and from CD analysis of peptides corresponding to the SA domains of NEP and NEP mutants, do not support the hypothesis that α-helix-breaking residues promote cleavage by signal peptidase. On the contrary, our biochemical and structural data suggest that the substitution of a polar sequence that maintains the α-helical structure of the hydrophobic segment and is in close proximity to a putative signal peptidase cleavage site is sufficient to promote the cleavage of the NEP SA domain. Furthermore because all truncated mutants were secreted except the one with the Pro mutation, we suggest that the cytosolic domain of NEP restricts the conformation that the SA domain might adopt in the membrane and also access to the signal peptidase cleavage site.
MATERIALS AND METHODS

Manipulation of DNA and construction of plasmids
DNA manipulations were performed in accordance with standard procedures [18, 19] . The construction of plasmids pSVNEP, pSVNEP ∆cyto, pSVNEP(SQNS) and pSVNEP ∆cyto(SQNS), coding for NEP, NEP ∆cyto, NEP(SQNS) and NEP ∆cyto(SQNS) respectively, have been described previously [12, 13] . To create new mutants, DNA fragments of interest were subcloned in M13mp19. In the first series of mutants the sequence Val%#-Thr-Met-Ile in the SA domain of NEP and NEP ∆cyto was changed to Gln%#-Gln-Thr-Thr or Tyr%#-Pro-Gly-Tyr by sitedirected mutagenesis. The mutated fragments were then ligated back into the simian virus 40-based expression vectors, thus creating vectors pSVNEP(QQTT), pSVNEP(YPGY), pSVNEP ∆cyto(QQTT) and pSVNEP ∆cyto(YPGY) coding for NEP(QQTT), NEP(YPGY), NEP ∆cyto(QQTT) and NEP ∆cyto(YPGY) proteins respectively. In the second series of mutants, Thr%$ in the SA domain of NEP and NEP ∆cyto was changed to Pro%$ to produce NEP(P) and NEP ∆cyto(P) proteins. The mutations were verified by sequencing the mutated DNA regions [20] . A summary of the mutations is presented in Figure  1 . The pGEX-2T vectors were constructed by digesting pGEX-2T (Pharmacia) with BamHI and EcoRI and ligating into it PCR-amplified fragments from pSVNEP, pSVNEP(SQNS), pSVNEP(QQTT), pSVNEP(YPGY) and pSVNEP(P) flanked by BamHI and EcoRI restriction sites. pGEX-2T NEP, pGEX-2T NEP(SQNS), pGEX-2T NEP(QQTT), pGEX-2T NEP(YPGY)
Figure 1 N-terminal sequences of NEP and NEP mutants
The transmembrane domain is underlined and the substituted amino acids are shown in bold. The two arrows define the amino acid sequence of the related peptides used for CD measurements. The amino acids shown above the left arrow are present at the N-terminus of each peptide and are derived from the GST portion of the fusion protein after its cleavage by thrombin. Abbreviation : a.a., amino acids.
and pGEX-2T NEP(P) are fusion proteins of glutathione Stransferase (GST) with residues 15-54 of full-length NEP and NEP-related mutants.
Transfection of COS-1 cells and immunoblotting of proteins
COS-1 cells [21] were transfected as previously described [12] . The serum-containing medium was exchanged 24 h after transfection for synthetic medium (modified from the procedure of Murakami [22] ) consisting of Dulbecco's modified Eagle's medium (DMEM) supplemented with 2.5 µg\ml insulin, 17 µg\ml transferrin, 20 µM ethanolamine, 100 µg\ml soybean trypsin inhibitor and 10 µg\ml aprotinin. This medium was recovered after 16 h of incubation and concentrated by centrifugation with a Centricon-10 (Amicon). Transfected cells were harvested and lysed with 1 % n-octyl β--glucopyranoside (octyl glucoside) in Tris-buffered saline as described previously [12] . The solubilized extracts and concentrated culture media were analysed by SDS\PAGE [7. 5 % (v\v) gel] [23] ; the proteins were transferred to nitrocellulose filters [24] . Wild-type and mutated NEP were detected by immunoblotting with an NEP-specific monoclonal antibody (18B5) as described elsewhere [25] and the immunocomplexes were detected with a Vectastain ABC kit (Burlingame, CA, U.S.A.). Endoglycosidase digestions before immunoblotting were performed as described previously [26] .
Pulse-chase studies
At 48 h after transfection, COS-1 cells were washed with DMEM lacking methionine and cysteine and preincubated for 45 min at 37 mC in the same medium. The cells were then labelled for 15 min at 37 mC by the addition of [$&S]methionine and [$&S]cysteine (100 µCi\ml) (Amersham ; specific radioactivity 1192 Ci\mmol). After the pulse, the cells were rinsed in DMEM containing an excess of non-radioactive methionine and cysteine (0.15 mg\ml each ; Sigma) and were chased for various periods. The chase media were then collected and concentrated, then the harvested cells were lysed with 1 % octyl glucoside in Trisbuffered saline. In some metabolic labelling experiments, transfected COS-1 cells were labelled for 20 min in the presence of Brefeldin A at a concentration of 5 µg\ml and immediately harvested as described above. In both types of experiment, NEPrelated proteins present in cell extracts or culture media were immunoprecipitated with a specific polyclonal antibody as described elsewhere [27] . The immunoprecipitated proteins were subjected to SDS\PAGE, either a 4-20 % gel gradient or 10 % gel [23] , and detected by fluorography.
N-terminal sequence determination
Transfected COS-1 cells were labelled with [$H]tyrosine as described previously [26] and the labelled secreted proteins were recovered by immunoprecipitation [27] . Proteins were then transferred to ProBlot membranes (Applied Biosystems) for sequencing in a gas-phase sequenator (Applied Biosystems ; Model 470A).
Expression and isolation of GST fusion proteins
A single colony of DH-5 (Gibco-BRL) transformed with the plasmid of interest was grown overnight in 10 ml of 2YT medium containing 50 µg\ml ampicillin. The 10 ml overnight culture was then used to inoculate 500 ml of 2YT containing 50 µg\ml ampicillin, which was then incubated at 37 mC with constant agitation until D &*& reached 0.4. Isopropyl β--thiogalactoside (IPTG) was then added to a final concentration of 0.5 mM and the incubation was continued for a period of 4 h to induce overexpression of the fusion protein ( Figure 2A , compare lanes 1 and 2). Bacteria were pelleted by centrifugation (10 min, 5000 g, 4 mC) and pellets were resuspended, at 25 ml per g of bacterial pellet, in ice-cold STE [10 mM Tris (pH 8.0)\150 mM NaCl\1 mM EDTA] containing 100 µg\ml lysozyme. The suspension was incubated for 10 min on ice before adding dithiothreitol to a final concentration of 5 mM. Lysis was achieved by sonication on ice (four periods of 30 s, power level 5 ; Sonifier Cell Disruptor ; Heat Systems Co.) and the lysate was centrifuged (10 000 g, 20 min, 4 mC). At this point most of the NEP-GST fusion protein was found in the post-sonication pellet. We thus decided to use this insolubility as the first purification step because a significant amount of unrelated proteins were solubilized ( Figure 2A , lane 3). The post-sonication pellet was then resuspended, at 12.5 ml per g of initial bacterial pellet, in STE containing 0.2 % N-laurylsarcosine and sonicated on ice (two periods of 30 s). The suspension was then clarified by centrifugation (10 000 g, 20 min, 4 mC) and the fusion protein was recovered in the N-laurylsarcosine supernatant ( Figure 2A , lane 4). The protein concentration of the supernatant was determined by the Bradford assay and then incubated overnight at 4 mC with constant agitation in the presence of 0.2 NIH unit of human plasma thrombin (Sigma) per mg of fusion protein to cleave the peptide from the GST protein. It should be noted that the cleavage of the fusion protein by thrombin left two residues (Gly-Ser) of the GST protein at the N-terminus of the peptides (see Figure 1 ). Figure 2A (lane 2) shows that the fusion protein is induced as a doublet of 32 and 29 kDa. The reason for this is not clear and does not seem to be due to the NEP peptide moiety. Indeed, the primary sequence of the four NEP mutant peptides was confirmed by amino acid composition analysis (results not shown) and their homogeneity by SDS\PAGE ( Figure 2C ).
Peptide purification
NEP peptide purification was performed by reverse-phase HPLC (modified from the procedure of Heukeshoven and Dernick [28] ). Samples, containing 12 mg of proteins adjusted to 10 % (v\v) acetonitrile and 60 % (v\v) formic acid, were loaded at 2 ml\min on a C ") µbondapak column (8 mmi100 mm, 10 µm particle size, 12.5 nm pore size ; Waters) previously equilibrated with 10 % acetonitrile and 60 % formic acid. After a 25 min wash with 10 % acetonitrile and 60 % formic acid, peptide products were resolved with a 30 min linear gradient of 10-40 % acetonitrile in 60 % formic acid. The eluted peptides were detected by their absorbance at 278 nm and the peak fractions were collected ( Figure 2B , see star). Solvents were evaporated and the peptides solubilized in trifluoroethanol. This last procedure was repeated twice and samples were precipitated by the addition of water and freeze-dried. We used the same purification method for NEP(SQNS), NEP(QQTT), NEP(YPGY) and NEP(P) peptides. However, the retention time of each mutant peptide was slightly different from that of NEP and seemed to vary with the hydrophobic nature of the mutant peptide. The homogeneity of the purified peptides was monitored by SDS\PAGE on a 4-20 % gradient gel [23] ( Figure 2C ) and their primary structures were confirmed by sequencing and\or amino acid composition (results not shown).
CD measurements
CD spectra were performed at room temperature (25 mC) with a JASCO model J-710 spectropolarimeter. Cylindrical fused quartz cells of 0.05 cm path length were used. Samples were prepared by dissolving weighed quantities of the peptide in 1 % (w\v) octyl glucoside. The peptide concentration was 60 µM. All spectra were baseline-corrected and smoothed. The secondary structure of the peptides was determined by the Lincomb method as described by Perczel [29] , the method of Chang [30] as accessed by the Antheprot package [31] , and the method of Yang [32] supplied by JASCO.
RESULTS
The SQNS sequence, which promoted the cleavage of the NEP SA domain in some mutant proteins, is highly polar and according to Chou and Fasman [14] should promote the formation of a β-turn structure. To gain further insight into the structural determinants most important in promoting cleavage of the NEP SA domain we designed mutants where V%#TMI (the wild-type sequence) was replaced by the highly polar α-helixcompatible sequence Q%#QTT or the less polar but β-turnpromoting sequence Y%#PGY (according to Chou and Fasman [14] ). These mutations were done in both full-length and truncated forms of NEP. As the presence of a Pro residue midway into the SA domain of sucrase-isomaltase was shown to promote protein secretion [17] in itro, we also performed the single mutation T%$ P%$. A representation of the mutants studied in this work is shown in Figure 1 .
Expression of full-length NEP mutants in COS-1 cells
COS-1 cells were transfected with plasmids encoding the wildtype and mutated NEPs. Proteins from the culture media and the cell extracts were resolved by SDS\PAGE and detected by immunoblotting. NEP and NEP(P) were detected in the cell extracts as homogeneous bands, whereas no bands were observed for these proteins in the culture media ( Figure 3A , lanes 3 and 4, and 11 and 12 respectively). This observation suggests that the α-helix-breaking proline residue cannot promote the secretion of NEP as it does in sucrase-isomaltase [17] .
NEP(SQNS) was also found mostly in the cell extracts ( Figure  3A , lanes 5 and 6) but the apparent molecular mass of the major polypeptide band was higher than that of NEP ( Figure 3A , compare lanes 5 and 3). Because this difference in migration is not due to differences in glycosylation (see below) it can be best explained by the replacement of a highly hydrophobic sequence (V%#TMI) by a hydrophilic sequence (S%#QNS), which might change the amount of detergent bound to the polypeptide chain [33] [34] [35] . A second polypeptide of lower molecular mass could also be observed in the cell extracts of NEP(SQNS) as well as a faint band in the culture medium ( Figure 3A, lanes 5 and 6) . Densitometric evaluation of these bands showed that they represented no more than 5 % of the total NEP(SQNS) expression level. These results are in agreement with those previously obtained with this mutant [13] . In contrast, most of the NEP(QQTT) protein was detected in the culture medium, whereas only a faint band of lower molecular mass was observed in the cell extracts ( Figure 3A, lanes 7 and 8) . With NEP(YPGY) very little protein was found in the culture medium and most of the protein was present in cell extracts ( Figure 3A , lanes 9 and 10).
Endoglycosidase digestion of the immunoreactive polypeptides found in the cell extracts was undertaken to distinguish between proteins that had reached the cell surface and those delayed in the ER. As expected, NEP was mostly resistant to digestion with endoglycosidase H (EC 3.2.1.96 ; endo H) but sensitive to treatment with endoglycosidase F (EC 3.2.1.96 ; endo F) ( Figure  4A , lanes 4-6). These observations suggest that the protein had acquired complex sugars by travelling through the Golgi apparatus. Similar results were obtained for NEP(P) ( Figure 4A , lanes 16-18) and for the major species of NEP(SQNS) and NEP(YPGY) ( Figure 4A , lanes 7-9 and 13-15 respectively). It was not possible to evaluate clearly the effect of endoglycosidase treatment on the minor species of NEP(SQNS) and NEP(YPGY) because these bands were too weak. In comparison, the intracellular form of NEP(QQTT) was sensitive to endo H digestion as well as to endo F digestion ( Figure 4A, lanes 10-12) , suggesting that it represents NEP(QQTT) trapped in the ER as was shown previously for other mutants [12] .
Similar studies were performed on proteins from the culture media of COS-1 cells expressing NEP(SQNS), NEP(QQTT) and NEP(YPGY). The results indicate that all the secreted forms had acquired complex sugars because they were endo H-resistant ( Figure 4B, lanes 4-12) .
Expression of truncated NEP in COS-1 cells
Analysis of cell extracts and culture media from transfected COS-1 cells showed that NEP ∆cyto and NEP ∆cyto(P) were Secretion of a type II membrane protein found mostly in the cell extracts, whereas minor amounts were detected in the culture media ( Figure 3B , lanes 3 and 4, and 11 and 12 respectively). As was shown previously, deletion of the cytoplasmic tail of NEP is not sufficient to promote efficient cleavage of the SA domain [12] , and the presence of Pro does not significantly increase the processing of the SA domain.
For NEP ∆cyto(SQNS), NEP ∆cyto(QQTT) and NEP ∆cyto(YPGY) the situation is somewhat different because proteins were detected mostly in the culture media ( Figure 3B , lanes 6, 8 and 10 respectively). These results indicate that the presence of a hydrophilic and\or a β-turn-promoting sequence inside the SA domain of NEP ∆cyto can promote secretion of the truncated protein. In addition to the secreted forms, intracellular forms of NEP ∆cyto(SQNS), NEP ∆cyto(QQTT) and NEP ∆cyto(YPGY) were also observed ( Figure 3B , lanes 5, 7 and 9 respectively). These intracellular forms had lower molecular masses and were sensitive to endo H digestion (results not shown). These bands most probably represent molecules trapped in the ER.
Although mutations in the full-length series did not significantly influence the expression levels of the mutants, we observed a different situation when the cytoplasmic tail was deleted. Indeed, the expression levels of most truncated mutants were very low ( Figure 3B ) compared with the full-length series ( Figure  3A) , suggesting that the deletion of the cytoplasmic tail interfered with the biosynthesis of these proteins. Translation in itro of mRNA species encoding NEP and NEP mutants lacking the cytosolic domain in the presence of microsomes indicated that these mutant proteins were mostly inserted in the microsome membrane as type III membrane protein [36] . In a cellular environment this would surely result in their rapid degradation. NEP(QQTT) were labelled with Tran$&S-label followed by various chase times ( Figure 5 ). NEP was initially synthesized as an endo H-sensitive form that started to acquire endo H resistance after approx. 20 min of chase ( Figure 5A ). After 60 min, all NEP was endo H-resistant, suggesting effective carbohydrate processing and therefore efficient transport out of the ER to the midGolgi apparatus, where these reactions take place. The soluble protein NEP(QQTT) was also synthesized as an endo H-sensitive form but no endo H-resistant form could be observed in cell extracts even after 60 min of chase ( Figure 5B ). However, after 30 min we detected an endo H-resistant soluble form in the culture medium ( Figure 5C ), suggesting that once the intracellular form had reached the mid-Golgi compartment, rapid transport of the protein occurred.
Biosynthesis of NEP and NEP(QQTT)
It has been suggested that a few type II membrane proteins such as sialyltransferase, dopamine β-mono-oxygenase, and tumour necrosis factor were not released from the membrane by the signal peptidase [37] but rather by other proteases in post-ER compartments [38] . To verify that NEP(QQTT) was solubilized in the ER by signal peptidase, COS-1 cells expressing this NEP mutant were labelled with Tran$&S-label. Brefeldin A was added to the culture medium to increase the amount of ER-associated proteins because it is known to rapidly block the exocytic transport of proteins from the ER to the Golgi apparatus [39] . Under these conditions, only endo H-sensitive forms of NEP and NEP(QQTT) accumulated in the cell extracts, suggesting their presence in the ER (Figure 6 , compare lane 1 with lane 3, and lane 2 with lane 4). A difference of 2 kDa can be observed between the processed and unprocessed proteins rather then the 5.5 kDa expected from the loss of the NEP cytoplasmic and transmembrane domains. One explanation for this discrepancy might again be the migration of the soluble NEP(QQTT), which is underestimated compared with NEP by the SDS\PAGE technique. Indeed, the cleavage of the cytoplasmic and the highly hydrophobic transmembrane domains of NEP(QQTT) might change the amount of detergent bound to the polypeptide chain [33] [34] [35] . Because the molecular mass of the ER-accumulated form of NEP(QQTT) digested with endo H is similar to that of the endo F-treated soluble form ( Figure 6 , lane 4, and Figure 4B , lane 9 ; also results not shown) we conclude that no further processing of NEP(QQTT) occurred in post-ER compartments. These results confirm that solubilization of NEP(QQTT) occurred in the ER presumably by signal peptidase.
N-terminal sequencing of NEP(QQTT)
To confirm cleavage and to determine the precise site of cleavage, COS-1 cells expressing NEP(QQTT) were labelled with [$H]tyrosine. The labelled NEP-related proteins secreted into the culture medium were collected by immunoprecipitation and submitted to 15 cycles of Edman degradation. Peaks of [$H]tyrosine were observed at positions 2 and 5 ( Figure 7) . The molecular mass determined for the soluble form of NEP(QQTT) and the positions of tyrosine residues in the primary structure are 
Analysis of the secondary structure of NEP and mutant NEP transmembrane domains
Because we observed striking differences in the processing of NEP and its mutants, we decided to investigate the structural changes induced by the mutations in the transmembrane segment. Peptides corresponding to residues 15-54 of NEP and related NEP mutants (SQNS, QQTT, YPGY and P ; Figure 1 ) were produced in Escherichia coli as GST fusion proteins. We chose this strategy to obtain significant amounts of peptides (5-10 mg), which might have been difficult to produce by the usual synthetic method because of the peptide length and hydrophobicity. It can be argued that the conformations in solution of the peptides corresponding to NEP wild-type and mutant transmembrane domains might differ greatly from their conformation within the context of the intact protein. At least two observations suggest that this is not so. First, we have shown that the ectodomain of NEP can acquire a conformation compatible with activity in the absence of the transmembrane domain [26] , thus ruling out the existence of significant interaction between these domains during protein folding. Secondly, we have shown that NEP transmembrane domain translated in a reticulocyte system in itro in the presence of microsomes can anchor the protein in the membrane even in the absence of the full NEP ectodomain and with or without the cytosolic tail [36] , suggesting that the NEP transmembrane domain can achieve a function-competent conformation in itro.
The secondary structure of the purified peptides was analysed by CD measurements in the interfacial micellar environment of 1 % octyl glucoside (Figure 8 ). Octyl glucoside was selected on the one hand for its capacity to solubilized native NEP in its enzymically active form [41] and on the other hand as a simple interfacial environment mimicking a membrane. The CD spectrum of NEP peptide in octyl glucoside has two negative bands at approx. 208 and 222 nm, and one positive band at approx. 192 nm (Figure 8 ). This suggests that the peptide has mostly a helical structure [42] . Computer analysis of the CD spectrum by different methods [29, 30, 32] , to estimate the relative contributions of α-helix, β-sheet, coil and turn, indicated that this sequence has an α-helical content of 55-60 % (depending on the computer software used). This result is in good agreement with the generally accepted idea, which suggests that a transmembrane domain spans the lipid bilayer as an α-helix. However, the α-helical content is low compared with that of a synthetic signal peptide (70 %) [43] or of a synthetic transmembrane peptide (90 %) [44] . This discrepancy might best be explained by differences in the lengths of the regions flanking the hydrophobic core and by the nature of the residues in these flanking regions. Except for NEP(QQTT) peptide, the CD spectra of the other mutant peptides were different from that of NEP (Figure 8 ). The intensities of the different bands described earlier for NEP decreased slightly for the NEP(SQNS) mutation and drastically for the NEP(YPGY) and NEP(P) mutations. Computer analysis of these spectra revealed that the α-helix content of these peptides decreased to 45-50 %, 30-40 % and 40-45 % respectively. Similar results were obtained when the peptides were dissolved in 95 % (v\v) trifloroethanol (results not shown).
DISCUSSION
The SA domain of type II transmembrane proteins promotes translocation and anchors the protein in the lipid bilayer. This domain, which is thought to form an α-helical structure in the membranous environment [44] , is not cleaved by signal peptidase. The experiments presented in this paper were designed to obtain insights into the properties of structural elements that could promote processing of SA domain by signal peptidase. For this study we constructed six mutants of NEP by mutation of the SA domain of full-length and truncated NEP with two different sequences (QQTT and YPGY) and with the single residue Pro. In addition, the previously described NEP mutants having the SQNS substitution in the SA domain were also studied [13] . The rationale for the use of these sequences was derived from the observation that substitution in the NEP SA domain of the sequence SQNS, which is polar and has a high propensity for β-turn formation (α-helix-breaking sequence), could promote SA domain processing under certain conditions [12, 13] . The QQTT sequence is polar but according to Chou and Fasman [14] is compatible with the α-helix structure of the NEP SA domain.
The YPGY sequence and the single Pro residue are less polar and have α-helix-breaking potential [14] . It is interesting to note that the predicted effects of these mutations on the structure of the NEP SA domain were confirmed by CD analysis of the corresponding peptides. The full-length series of mutants were referred to as NEP(SQNS), NEP(QQTT), NEP(YPGY) and NEP(P), whereas the truncated (without the cytoplasmic domain) series of mutants were referred to as NEP ∆cyto(SQNS), NEP ∆cyto(QQTT), NEP ∆(YPGY), and NEP ∆cyto(P). The mutants as well as the control proteins NEP and NEP ∆cyto were expressed in i o by using simian virus 40-based vectors and COS-1 cells.
Analysis of the different mutations undertaken in the SA domain of full-length and truncated NEP shows that the introduction of the α-helix-breaking residue Pro is not enough to promote the secretion of the proteins as was shown for sucraseisomaltase [17] . In the latter case, the Pro mutation, which was positioned 15 amino acids from the beginning of the SA domain (as in the NEP Pro mutants), induced cleavage at a site located two residues upstream of the mutation. Because neither NEP nor sucrase-isomaltase SA domains contain other helix-breaking residues, we suggest that other structural elements present in the flanking regions of the sucrase-isomaltase hydrophobic core might be important in specifying the signal peptidase cleavage site. This hypothesis is consistent with the observations that deletions and other mutations in the mature domain of a secreted protein [45, 46] as well as drastic shortening of the long n-region of some SA domains [10, 11] can affect signal sequence cleavage. Furthermore we show that deletion of the cytoplasmic domain of NEP in addition to the introduction of the Pro residue inside the SA domain does not significantly increase processing of the truncated protein. Our results thus indicate that proline itself can be tolerated inside the NEP SA domain as it is in rat dipeptidylpeptidase IV [47] .
The situation is somewhat different with the other mutations that we introduced inside the SA domain of NEP. We showed that the QQTT sequence induces the efficient secretion of NEP, whereas the SQNS and YPGY sequences cannot promote efficient cleavage of the full-length proteins ( Figure 3A) . In contrast, we observed that their respective truncated mutants were all secreted into the culture medium ( Figure 3B ), indicating that the three sequences promote cleavage of NEP ∆cyto SA domain independently of their effect on the SA domain structure (see Figure 8 ). One explanation for these results might be that, on cytoplasmic domain deletion, the NEP SA domain structure is more relaxed and therefore allows the putative signal peptidase cleavage site to acquire a structure and\or to be placed in a position favourable for recognition by the enzyme.
The secretion of full-length NEP is induced efficiently only by the hydrophilic QQTT sequence. Microsequencing experiments showed that cleavage occurs 1 residue downstream of the sequence. In NEP(QQTT) and other mutants, this site was predicted as a potential signal peptidase cleavage site by the algorithm of von Heijne [8] . That signal peptidase does cleave at this site is supported by metabolic labelling studies in the presence of Brefeldin A, which showed that the ER-accumulated form of NEP(QQTT) was already processed. We also showed that no further processing of NEP(QQTT) occurred in post-ER compartments because the molecular mass of the ER-accumulated form digested with endo H was the same as that of the secreted form digested with endo F. Thus our results indicate that processing of the NEP(QQTT) SA domain is performed by signal peptidase. This cleavage does not seem to be a rate-limiting step in the biosynthesis of soluble NEP because pulse-chase studies showed that it reached the culture medium after 30 min of chase, which compares well with the 40 min observed for cell-surface delivery of membrane-bound NEP [48] . Furthermore we observed no accumulation of endo H-resistant forms of NEP(QQTT) in cell extracts, suggesting that rapid transport of the protein occurred after processing in the ER.
Structural predictions and CD analysis showed that the sequence QQTT is compatible with the α-helix structure of the NEP SA domain, whereas the sequences SQNS and YPGY decrease the α-helix content of the peptide, possibly by increasing the propensity for β-turn formation [14] . That the QQTT sequence but not the SQNS or YPGY sequence promoted cleavage of the NEP SA domain is rather surprising, considering that the presence of β-turn promoting residues in the vicinity of signal peptidase cleavage sites was shown to enhance cleavage [15] [16] [17] . One explanation for our observations might be that the sequences SQNS and YPGY, which have been introduced in close proximity to the putative cleavage site, promote structural changes that preclude recognition of the site by signal peptidase in full-length NEP. This hypothesis is consistent with our previous results showing that moving the SQNS sequence three residues upstream promoted efficient cleavage at the same site in fulllength NEP [13] . At present we cannot totally exclude the possibility that the specific structures promoted by the substituted sequences mediate different interactions with the components of the ER translocase, resulting in the different positioning of the SA domain in the proteinaceous channel [49, 50] . In conclusion, our structural and biochemical results suggest that substitution of a polar sequence that maintains the α-helical structure of the hydrophobic segment and that is in close proximity to a putative signal peptidase cleavage site is sufficient to promote cleavage of the NEP SA domain.
